a genetic analysis of the variation between two pairs of strains. Multiple loci are involved in cell lineage differences, and variation at one locus appears to have a relatively strong effect. In addition to these large lineage variations in cells that do not normally contribute to the vulva, we find minor variations (errors) in vulval lineages, which represent the precision level of the vulvalpatterning process and point to a selection pressure for maintenance of a large vulval equivalence group.
Conclusions:
Polymorphisms in vulval cell lineage are found within a given nematode species, and could be instrumental in explaining evolutionary variations between closely related species.
Background
sions, migrations, and fates (cell lineage), rendering possible the identification of every cell of the organism. Thus, Evolutionary biology is now confronted with the necessity their development, morphology, and behavior can be anaof integrating two complementary approaches: first, the lyzed with a single-cell resolution, thereby providing a identification of the genetic events that are responsible discrete intermediate hierarchical level of phenotypic for evolutionary variations in nature, and second, the unanalysis. Furthermore, because homologous blast cells can derstanding of how such genetic changes are translated be found in different nematode species, the evolution of into phenotypic changes through a hierarchical biological developmental processes can also be studied with singleorganization, such as during development. In order to cell resolution. Variations in a cell lineage (division patconciliate these two goals, we chose to undertake a microtern) have been previously described between species of evolutionary analysis of phenotypic variation in nemadifferent genera (for example, see Figure 1 ) [1] [2] [3] [4] . We todes.
wondered how an apparently fixed cell lineage could evolve and produce divergent fixed lineages during evoluFirst, the nematodes that we study present attractive feation. To this goal, we used a microevolutionary approach tures for genetic studies: they have a short life cycle (about (at a small evolutionary time scale) by comparing different 3 to 4 days) and are self-fertilizing hermaphrodites with wild isolates of the same species and very closely related facultative males. As a consequence, lines kept in the species. Many microevolutionary studies of development absence of males are driven very rapidly to homozygosity have previously used different Drosophila strains and even and do not segregate variation within a culture. Moreover, species, given that hybrids are viable [5] [6] [7] [8] . These studies for evolutionary genetic studies, recombinant inbred lines concentrated on quantitative trait loci analysis such as are easily driven to homozygosity.
number of bristles or wing shape. In nematodes, the cell lineage of a precursor cell is a particularly attractive system Second, many nematode species have a small number of because it represents a discrete developmental program at the cell level, instead of a quantitative trait. somatic cells with a quasi-invariant pattern of cell divi- The lineage of the blast cells that give rise to the hermaphrodite (or female) vulva is very well documented in Caenorhabditis elegans and several other nematode species [1, 2, 4, [17] [18] [19] [20] . In the C. elegans reference strain N2, three ventral epidermal cells called P5.p, P6.p, and P7.p divide during the L3 and L4 stage with specific lineages. P6.p adopts an inner-vulval fate or 1Њ fate, and P5.p and P7.p adopt an outer-vulval fate or 2Њ fate ( Figure 1 ). These three precursors give rise to the 22 cells that form the vulva. After laser ablation of P(5-7).p in L1 or L2 larvae, the neighboring cells P3.p, P4.p and P8.p are able to replace them and are thus part of the vulval equivalence group. In unablated animals, however, these cells divide once, fuse with the surrounding epidermal syncytium, and do not contribute to the vulva. Their fate within the equivalence group is called nonvulval (3Њ). P1.p, P2.p, and P(9-11).p are not part of the vulval equivalence group, and fuse with the epidermis in the L1 stage [17, 21] . stage, P6.p adopts the inner-vulval fate (1Њ fate) and P5.p and P7.p adopt an outer-vulval fate (2Њ fate). They divide with a specific lineage (depending upon their fate and the species) and form the vulva. P4.p
In both species, the lineage of these vulval precursor cells and P8.p can form vulval tissue in the absence of P(5-7).p but is known to be mostly invariant. In the C. elegans reference normally adopt a nonvulval fate (3Њ fate) and fuse with a surrounding epidermal syncytium ("S" stands for syncytial fate). In C. elegans, strain N2, however, the P3.p cell only divides in about P3.p also adopts a 3Њ fate in 50% of the animals, and with P(4-8).p half the animals ( Figure 1) . In Oscheius sp. 1, strain CEW1, forms the equivalence group of vulval precursor cells (VPCs). In P4.p does not divide in 5% of the animals [13] . These Oscheius sp. 1 CEW1, the vulval equivalence group is restricted to preliminary observations led us to start a microevolution-P(4-8).p. U: undivided cell; L: longitudinal division; T: transversal division.
ary approach of vulval lineage variations by observing a large number of animals in 22 strains belonging to five different species of the Caenorhabditis genus, as well as 38 strains belonging to nine different species of the Oscheius A large number of strains of the Caenorhabditis elegans genus. In addition to the occurrence of minor variations species as well as of its close relative C. briggsae has been that represent the level of precision of vulval patterning isolated from all over the world. Polymorphisms in behavand development, we have found large and specific linioral traits such as social behavior or plug formation by eage polymorphisms in the 3Њ lineages. These polymormales have been described in C. elegans [9, 10] . Although phisms correspond to those lineages that evolve within many more Caenorhabditis species are described [11] , only the genus and could therefore be a source of evolutionary three additional species are currently available in culture.
variations between closely related species. Genetic studWe decided to undertake a microevolutionary analysis in ies show that lineage variations observed between strains another genus as well, allowing us to compare the range of Oscheius sp. 1 are due to allelic variations at several loci. and nature of variations observed within each of the two groups. We centered our studies on Oscheius sp. 1, a species
Results
that is used in our laboratory for vulval developmental Variation of P3.p lineage in the Caenorhabditis genus studies (strain CEW1) [12, 13] . We find this species very
We scored vulval lineages of 13 C. elegans strains, 6 C. easy to isolate from soil samples, which constitutes an briggsae strains, and 3 other Caenorhabditis species. The advantage for microevolutionary studies. We also have a most variable lineage is that of P3.p ( Figure 2 ). By conlarge number of strains of a closely related species Oscheius trast, P(4-8).p lineages appear fixed within the genus sp. 2, and of more species in the genus [14] . Phylogeny (except for very rare variants; see Table 3a , below). Within within both genera is at least partially resolved by morphological and molecular characters (see Figures 2 and 3 ; a given species, the frequency of P3.p division is not fixed, varying from 15% to 59% between the C. elegans strains we performed similar laser ablations in the strains CB4857 and CB4932. Surprisingly, the results resemble those obthat we observed and from 0% to 15% between the C. briggsae strains (Figure 2) . Moreover, the ranges of variatained in N2, with more than half of the ablated animals with an induced P3.p, that is, much more than the percenttion are clearly different (and hardly overlapping) between these two species (see legend of Figure 2 ). The differage of P3.p division in intact animals ( Table 1 ). These results suggest that even if the cell is competent in the ences are larger with strains of other species of the genus; for example, P3.p always divides once in C. sp. 3 PS1010 ablation experiment, it may remain undivided in intact animals. Thus, regardless of the frequency of P3.p divi-( Figure 2) . Thus, the polymorphisms observed within C. elegans and C. briggsae precisely affect that cell division sion, P3.p seems to be competent to adopt a vulval fate (in this ablation experiment) in about half the animals in that evolves within the genus.
C. elegans. We also scored P3.p lineages at different temperatures By contrast, in C. briggsae, P3.p never adopts a vulval fate (15ЊC and 25ЊC) for three different C. elegans strains (N2, CB4857, and CB4856). No clear variations due to temperature were observed (data not shown). Table 1 Cell ablation experiments in the Caenorhabditis genus.
In the C. elegans reference strain N2, P3.p divides in half the animals and fuses with the epidermis during the L3 Figure 2 ).
correlated with a lower ability of P3.p to replace P(4-8).p, Table 3 ). If a Pn.p cell showed a mixed lineage (scored Sss or ssS in Table  4 ), it was counted for 0.5 in the gray (SS) area and for 0.5 in the white (ssss) area. Strains within a species are positioned in the graph with respect to their geographical origin, from west to east, and secondarily from north to south. in division patterns between and within strains were obalthough not competent, P3.p does divide in 35% (n ϭ served for P4.p and P8.p ( Figure 3 ). They either divide 30) of the animals, whereas in intact animals, it divides twice ("ssss" lineage), once ("SS" lineage), or remain unin only 15% of the cases. The proximity of the gonad or divided ("S" lineage). For example, in the strain PS2070, the absence of inhibitory neighboring VPCs could in-P4.p can adopt the three different lineages with similar crease the frequency of P3.p division in this experiment.
probabilities ( Figures 3 and 4) . Other strains such as PS1131 have a fixed lineage with P4.p and P8.p dividing In conclusion, with the limit of our sampling, the size of twice (a lineage we sometimes arbitrarily call "wild-type" the vulval competence group appears fixed for a given because it is predominant in our reference strain CEW1) species but has varied between species of the same genus, in 100% of the animals ( Figure 3 ). The behavior of the appearing enlarged in C. elegans compared to C. briggsae two cells can either be correlated, as in the PS959 strain and C. sp. 4. On the other hand, the program of cell (around 80% of SS lineage for both cells), or not, as in division of P3.p seems to be highly variable within and between species.
the PS966 strain (P4.p does not divide in 64% of the Table 2 Cell ablation experiments in the Oscheius genus.
Species/strain % of ssss* Cell fate after P(5-7).p ablation for that cell (*: from Figure 3 ).
frequency in some strains of Oscheius spp. 2 and 3, such vulval tissue. In addition, in several strains, P8.p is more likely than P4.p to adopt an inner-vulval fate. as VT683, JU179, and JU75 ( Figure 3 ).
Developmental errors in the vulval lineages
All measurements on Oscheius spp. were initially perIn addition to these large variations in the P3.p, P4.p, and formed at 25ЊC, the temperature at which we routinely P8.p division pattern, we observed other defects at a much use CEW1. We also scored vulval lineages of some strains lower frequency. They are presented in Table 3b for at 15ЊC, 20ЊC, and 30ЊC and found that they are sensitive Oscheius spp. 1, 2, and 3. First, the 12 Pn.p or their progeny to temperature changes ( Figure 5 ). For example, in the could not always be found in the L4 stage. The missing PS959 strain, the SS lineage is predominant at 20ЊC, 25ЊC, Pn.p could be P4.p or P8.p, but it is also possible that and 30ЊC, but the ssss lineage occurs much more often at one of P(5-7).p was missing because of an earlier develop-15ЊC. For P4.p division in PS966 and PS986, the sensitive mental defect and that P4.p and P8.p replaced it. In a range is between 20ЊC and 25ЊC. By contrast, the absence few instances, two Pn.p were missing on the same side of P4.p division in JU77 is not sensitive to these temperaof the vulva (always on the posterior side), and the vulva ture changes ( Figure 5 ).
was only formed by the progeny of two cells, P5.p adopting a 2Њ fate and P6.p a 1Њ fate. Thus, a vulval equivalence In the few strains that we scored in less closely related group of five cells could not compensate for the absence Oscheius species, P(5-7).p lineages remain the same, but of two of them on the same side (because of the anchor the number of P4.p and P8.p divisions varies sharply; no cell centering on P6.p). Defects of centering of the pattern division in O. guentheri SB133, one division in O. dolichura on P5.p and P7.p were also observed, as well as some DF5033 and its close relatives PS1017 and PS1173, and defects in the number of cells induced (too few or too two divisions in the outgroup O. myriophila DF5020 and many). An excess of divisions in the vulval lineages was O. insectivora SB169. Strangely, the daughters of P4.p not rare, particularly in strains of Oscheius sp. 2. and P8.p do not appear to fuse to the hyp7 epidermal syncytium in O. dolichura, PS1017 and PS1173 (data not By contrast, very few such variations were found in C. shown). Variations in P3.p divisions are also found in elegans and C. briggsae, particularly none in the level of these species. Altogether, the frequency of P3.p division vulval induction (Table 3a) . appears reduced and the lineage of P3.p appears fixed in Oscheius sp. 1 compared to all others (Figure 3 ).
Genetic differences between Oscheius sp. 1 strains
Because variations observed in the vulval precursor cell lineages within Oscheius sp. 1 are larger than within C. Because noncompetent Pn.p cells (such as P2.p or P9.p) do not divide, we examined whether P4.p and P8.p were elegans, we chose to undertake a genetic analysis of the variation between Oscheius sp. 1 strains. We chose the competent to replace P(5-7).p in strains in which they did not divide normally. As in the reference strain CEW1, CEW1 strain, our reference strain for developmental genetic studies, and two strains with a very divergent pheno-P4.p and P8.p replaced ablated P(5-7).p in most animals in all Oscheius strains and species tested (Table 2) . Thus, type compared to CEW1, namely, PS959 and PS966 (Figure 4) . In PS966, P4.p fails to divide in 64% of the animals, the competence group at least contains P(4-8).p in all these species (we did not test for P3.p competence) and whereas in CEW1 it remains undivided in only 4%. In PS959, P4.p and P8.p undergo a second division in only the division pattern is independent of competence to form The animals of on the anterior side of the vulva, and "P8.p missing" corresponds to the the C. elegans, C. briggsae, and C. remanei species are those scored in posterior side. In animals with P7.p and P8.p missing, the vulva was still Figure 2 . Observations made at 15ЊC or 25ЊC concern three C. elegans centered on P6.p (and therefore the vulva was incomplete). "Centering strains (N2, CB4857, and CB4856). We scored the lineages of P(3,4,8).p on" corresponds to animals in which the 1Њ fate was not adopted by and the induction level of P(5-7).p, but not the exact lineage of the P6.p but by one of its neighbors. In these cases, the vulval pattern was latter. A variation in the 2Њ vulval lineage of C. elegans at 25ЊC was normal (or sometimes slightly hyperinduced) but shifted one cell anteriorly noticed previously [21] . Hyperinduction of vulval fates was described in or posteriorly. Hyper-or hypoinduction correspond to changes in the C. sp.
PS1010 [2], but we did not see any such variation. (b) In level of induction of Pn.p cells, for example, a 2Њ cell adopting a 1Њ or
Oscheius spp. 1, 2, and 3, the animals are those scored in Figure 3 at a 3Њ fate. "Extra divisions" corresponds to additional rounds of Pn.p 25ЊC and in Figure 5 at 15ЊC, 20ЊC, and 30ЊC. nd: not determined 15% of the cases (provided that they have divided a first inbred lines for each of the two following crosses: CEW1 x time), whereas they do so in 99.8% of the cases in CEW1.
PS959 and CEW1 x PS966. The resulting lines present a composite of homozygous segments of chromosomes from the two parental strains. The number of genes inWe first assessed the dominance relationship between volved can then be estimated from distributions of the CEW1 and PS959 genotypes on these characters by crosstrait among recombinant inbred lines. If the phenotypic ing marked CEW1 hermaphrodites to PS959 males. P4.p differences between PS959 (or PS966) and CEW1 were and P8.p daughters divide in 79% of the cases in the F1 the result of a polymorphism at a single locus, half of the crossprogeny of CEW1 and PS959 (Table 4; same result lines should show a CEW-1-like phenotype and half a with another marker in Table 5 ). Similar results were PS959-like (or PS966-like) phenotype. If only two loci obtained for CEW1 and PS966 for P4.p division (data not were involved, four possible classes of phenotypes should shown). To test for a maternal effect, we performed the be found with equal proportions (with epistasis, two or converse cross of marked PS959 hermaphrodites (an Unc three of these classes could be indistinguishable from marker introgressed into the PS959 background) to CEW1 each other). The phenotype of the resulting lines is schemales. The F1 crossprogeny again shows a phenotype matized in Figure 6 . For the CEW1 x PS959 cross, we that is intermediate between PS959 and CEW1, with a plotted together the percentage of second division of P4.p strong bias toward a CEW1-like percentage (Table 4) . or P8.p (they were highly correlated; data not shown). Thus, the maternal genotype has no influence, and the The distribution of lines cannot be explained by the variagenotypes show codominance for this cell lineage phenotion at a single locus and most likely not at two loci. Thus, type, with a stronger dominance of the CEW1 genotype the phenotypic difference between CEW1 and PS959 in against PS959 (or PS966).
the occurrence of the second division of P4.p and P8.p appears to involve variation at least at two or three loci, We then wondered whether variations at one locus or at a and possibly many more. Moreover, we see a highly biased large number of loci explained the cell lineage differences repartition toward a CEW1-like phenotype, indicating between these strains. Because the cell lineage polymorsynergistic epistatic relationships between the different phism did not appear monogenic from the analysis of loci. F3 progeny of an interstrain cross, we used recombinant inbred lines, a tool particularly well adapted in self-fertile organisms. We constructed 20 independent recombinant
In the CEW1 x PS966 cross, P4.p and P8.p lineages are Table 4 Genetic characterization of the cell lineage variation in PS959 compared to CEW1. Lineages of P4.p and P8.p were scored in the L4 stage: no division (S), daughter cells of P4.p and P8.p (not taking into account missing or one division (SS), one division and division of the anterior daughter (ssS), undivided Pn.ps). The last column shows the percentage of these P4.px one division and division of the posterior daughter (Sss), and two divisions and P8.px cells that undergo a second round of division. unc-2 was (ssss). If P4.p or P8.p could not be found, they were scored as missing isolated by mutagenesis of the strain CEW1. JU222 was built by out-(see Table 3 ). n is the number of animals scored. % wt is the percentage crossing unc-2 five times to PS959; its cell division phenotype is close of animals with the standard lineage of the reference strain CEW1, with to that of PS959 (although not as strong, either because of insufficient two divisions of P4.p and P8.p (ssss lineage). nЈ is the number of outcrossing or because of linkage of unc-2 to one of the varying loci).
not clearly correlated ( Figure 6 ). We plotted on one axis difference (note that this fraction is necessarily small in this direction of cross because of the synergistic epistatic the occurrence of the first division of P4.p and on the other that of the second division of P8.p. For the first interactions previously mentioned). The presence of several closely linked loci cannot be excluded. The differcharacter (first division of P4.p), the repartition again suggests that at least two loci (and probably more) are inence in phenotypes between the strain JU223 (introgression of unc-3 into PS959) and PS959 confirms the linkage volved. For the second character (second division of P8.p), two recombinant lines show a lower percentage of division of unc-3 to one of the loci (Table 5) . than either parental strain. This transgression reveals one
We finally compared natural allelic variations found in inhibitory locus that was masked in one parental strain. these strains to induced mutations previously characterSome of the loci involved in the first character variation ized in the laboratory. dov-1 is a recessive mutant of may be involved in the second, but the correlation does Oscheius sp. 1 CEW1, in which P4.p and P8.p fail to divide not hold for all loci. a second time, as in the natural Oscheius sp. 1 PS959 but with an even higher penetrance [13]. After gonad ablation We then wondered whether the variations observed could be explained by a few mutations with a relatively large in dov-1 mutants, all VPCs have a division defect, like P4.p and P8.p in the wild-type [13] . The same was observed in effect (considering at least three loci) or only by the accumulation of mutations with small effects at many loci. To PS959 (data not shown). When P4.p and P8.p are induced to vulval fates after P(5-7).p ablation, however, they dithis end, we crossed marked CEW1 hermaphrodites (with Unc or Dpy markers) to PS959 males. After selfing of the vide abnormally in dov-1 mutants [13], but normally in PS959 (Table 2) . Also, the small defect in intestinal cell F1 crossprogeny, F2 animals were divided into marker genotype classes. If one of the loci responsible for lineage divisions observed in dov-1 mutants [13] was not observed in PS959 (data not shown). Finally, dov-1 mutants are variations between PS959 and CEW1 was strongly linked to the marker, a significant difference in Pn.p lineage partially egg-laying defective, whereas PS959 animals are not or very rarely. These phenotypic observations being should be observed between marked and unmarked animals. We performed this analysis using five different compatible with PS959 carrying a hypomorphic allele of dov-1, we performed a complementation test between markers, dispersed on four apparent linkage groups (Table 5). Our results show that unc-3 and unc-4 (which belong dov-1 and the PS959 genotype. The dov-1 mutation partially fails to complement PS959 for the second division to the same linkage group) are linked to one genetic locus responsible for a detectable fraction of the phenotypic phenotype (Table 5) . Thus, variation at the dov-1 locus The large variations described here concern the lineages of 3Њ cells that do not normally contribute to vulva formation, but fuse with a large epidermal syncytium. Fusion of one more or one less cell is probably close to neutral for the animal, and these cell lineages are likely not under strong stabilizing selection.
By contrast, P(5-7).p form the vulva, an organ necessary for egg laying and mating, and their development must be under strong selection pressure. We did not find any variation in the number of Pn.p cells adopting a vulval fate in C. elegans (except for one animal with a gonadal defect) or in C. briggsae, but this occurred at a frequency of about 0.4% in Oscheius spp. 1 and 2 at 25ЊC (Table 3 ). This corresponds to the level of precision of the vulvalpatterning process, which appears better canalized to developmental/environmental noise in C. elegans than in Oscheius sp. 1.
Genetic crosses between Oscheius sp. 1 strains. Recombinant inbred lines were obtained by crossing PS959 males to CEW1 hermaphrodites (or PS966 males to CEW1). The 20 resulting lines
The most frequent developmental error (about 2%) in
should be homozygous at all loci, but differ in genotype according
Oscheius vulval development is the absence of some Pn.p's.
to the various assortments of parental genes. For the CEW1 x PS959
Together with the occurrence of animals with a vulval cross, we expressed the percentage of Pn.px cells (daughters of pattern centered on P5.p or P7.p (0.9%), this clearly constiPn.p) that divide by pooling P4.px and P8.px together (the calculation was performed as in Table 4 starvation stress appears to increase the frequency of errors (data not shown).
could explain a part of the phenotypic difference between
Polymorphisms between populations CEW1 and PS959. Alternatively, this result could be exBecause variations in cell lineages of nonvulval Pn.p cells plained by a dominant epistatic relationship between are likely not under direct selection pressure, they can PS959 alleles and dov-1.
evolve quickly and are detectable even within a species. Such fast-evolving traits provide good models to study powerful tool to analyze the genetic origin of phenotypic described in nematodes: the AC/VU decision, V lineages, differences. At the time of our study, SNPs were being or P11/12 migration [1, 2, 17, [26] [27] [28] [29] . In addition, VPC defined for the N2 and CB4856 strains (http://genome. lineages in the Oscheius genus are not buffered to environmental changes, such as temperature.
wustl.edu/gsc/C_elegans/SNP/index.html). Unfortunately, the differences in P3.p lineages between these strains ent wild strains may be because of partial segregation of these same loci. For example, PS2070 could have two appeared too small to undertake such an analysis, although it could be performed in the future with CB4857 [30] .
alleles present in PS959 and one from CEW1. Strains with intermediate phenotypes could be the result of hybridizaNo clear correlation can be drawn between the geographic origin of the isolate and P3.p division frequency, as it can tion between strains of extreme phenotypes. Conversely, extreme phenotypes could have evolved in an isolated for other polymorphisms [9, 10, 30] . We also could not find a clear correlation between SNPs [30] and the P3.p population, but may also have involved crosses between strains with different intermediate phenotypes.
In Oscheius phenotype, except that the strains resembling N2 at the molecular level (TR403 and DH424) show a similar fresp. 1, some correlation appears between the geographic origin of the strain and the VPC lineage (see Results). quency of P3.p division. The other strains show several distinct frequencies of P3.p division, which makes it unMolecular polymorphisms remain to be studied in this species, but with the limit of our sampling, long-range likely that a simple biallelic variation could be responsible for the variation within the whole species (unlike for bordispersal may not completely obliterate local variation.
On the other hand, in the same garden at the same time, dering behavior) [10].
we found two Oscheius sp. 2 strains (JU76 and JU77) with very distinct lineages. Overall, we find species of the In Oscheius sp. 1, multiple loci are responsible for the cell Oscheius genus much easier to isolate from soil samples lineage differences, some having a relatively large effect than those of the Caenorhabditis genus (maybe because C. and showing synergistic epistasis, and in one case, transelegans strains are more restricted to a particular biotope). gression of the parental phenotypes. In the CEW1 x This is encouraging for further population and evolution-PS966 cross, the loci affecting P4.p first division and P8.p ary genetic studies that require systematic and repeated second division are distinct, although some loci may affect samplings. both traits. A subset of the loci involved in the CEW1/ PS959 differences may also be responsible for some CEW1/PS966 differences. In conclusion, multiple genetic
Comparison with induced mutants
In Oscheius sp. 1 CEW1, many mutants that were isolated factors contribute to the variation in P4.p and P8.p division patterns. Moreover, the diversity of phenotypes in differafter EMS mutagenesis affect the cell division program ship between intraspecies polymorphism and evolutionthat allelic variation at the dov-1 locus may be involved in ary variations between species (between micro-and macnatural variation, with PS959 carrying a weak hypomorph. roevolution). Within both genera, we do find striking Several other mutants described [13] are defective in the correlations between the two levels of comparison. In the first division of P4.p and P8.p, such as the PS966 populaCaenorhabditis genus, the main variation of VPC lineages tion. Interestingly, one of these mutants, dov-2, is thermoconcerns P3.p division, both within and between species, sensitive, with a range similar to the variation found in with the intraspecies variation being amplified and some-PS966 or PS986 (S. Louvet-Vallé e and M.-A.F., unpubtimes fixed. This holds for P3.p division but not necessarlished data). Mutants with an excess of divisions in ily for its competence, which we have found to evolve P(5-7).p lineages were also found frequently [13] . This between species but failed to find intraspecies variations. lineage variation was naturally found at low levels in
In the Oscheius genus, intraspecies polymorphisms in 3Њ Oscheius sp. 1 and relatively frequently in Oscheius sp. 2 lineages also correlate with wider variations (and fixation) ( Table 3 ). Here again, allelic variations at these mutagenbetween species. Interestingly, the range of cell lineage ized loci could explain part of the natural polymorphism.
variations within both genera is very different, which may partially be explained by the different mutability of each Mutants with an altered P4.p and P8.p lineage pattern or phenotype in the two genotypic contexts. an excess of P(5-7).p divisions were not found in the extensive screens performed in C. elegans [31] . One mutant Further genetic and molecular analyses will be necessary is known to affect P3.p division specifically: P3.p always to answer the crucial question of whether the loci at which divides in lin-22/hairy loss-of-function mutants [32] . More variations occur within a species are the same as those mutations may be found if mutants of P3.p division were that cause phenotypic divergence between species. These specifically screened for. nematode species and the described variations in cell lineages will provide an exciting opportunity to answer Thus, for these presumably neutral traits, we find a correthese evolutionary questions. lation in a given species between the existence of natural variant phenotypes and the range of phenotypes obtained
Conclusions
after mutagenesis. By contrast, for characters that are un-
The cell lineage of nematodes is classically considered as der stabilizing selection pressure such as the level of vulval invariant for a given species, but varies between species. induction, polymorphism is undetectable in C. elegans, This evolutionary variation could occur by rapid saltation although vulval-patterning mechanisms form a large mubetween discrete lineages (such as can be found in intagenesis target. In other terms, in C. elegans, vulval-patduced mutants). Intermediate and variable lineages could terning mechanisms are sensitive to induced mutations, also be very transient in a population and not easily detectbut appear canalized against developmental noise. This able. In our study, however, we find that a cell lineage discrepancy between the phenotypes that can be reached that evolves within a genus is likely to be polymorphic by mutagenesis and those found in nature in C. elegans within a species because of the segregation of multiple likely reflects the imprint of natural selection.
variable loci, and to even show developmental variants within a genetically homogeneous population.
Cell division pattern and competence of P3.p in Caenorhabditis

Materials and methods
In C. elegans, the lineage of a Pn.p cell is classically consid-
Strains and culture conditions
ered to be the consequence of its vulval cell fate. SurprisEach wild nematode isolate in culture is given a strain name. We isolated ingly, we find that the division pattern adopted by a 3Њ
strains from soil samples or else they were kindly provided by L. Carta, cell is not correlated with its competence (as defined by of the HOM-C gene lin-39 renders a Pn.p cell competent
The origin of the C. elegans strains is described in [9] . The origin of to form the vulva [33, 34] . lin-39 expression is initially were also checked on some fresh isolates (for example, those that gave rise to JU177 and JU178) to confirm that differences were not the result group size: lin-39 may never be expressed in P3.p in C.
of mutations that would have appeared during laboratory culture.
briggsae. Except maybe for lin-22, there are, however, no obvious candidate cell cycle (in contrast to cell compeAll strains grow under standard laboratory conditions, as described [22] , and feed on the Escherichia coli strain OP50. Caenorhabditis species tence) regulators for P3.p lineage variation.
were grown at 20ЊC and Oscheius species at 25ЊC unless otherwise
